Abstract Changes in water availability, and hence price, are expected to be amongst the most disruptive effects of climate change in many parts of the world. Understanding the capacity of society or consumers to adapt to such changes requires understanding the responsiveness of water demand to price changes. We estimate the price elasticity of residential water demand in Phoenix, Arizona, which is likely to be strongly impacted by climate change. Most existing approaches to the estimation of water demand functions have limited capacity to isolate the effect of price on water consumption where there is little variation in water price. A recent study by Klaiber et al. (2012) attempts to address this issue by using differences in consumption levels, and weather-related characteristics to isolate the price effect on water demand, and by using a constant term in a differenced regression model. We also estimate a differenced regression model, but include direct measures of changes in water prices. This inclusion successfully isolates the price effect on water demand, and enables us to distinguish between the short-and long-run price elasticity of water demand, and hence the short-and long-run adaptation to changes in water availability.
measures. In this paper we apply a method for estimating the price elasticity of water demand under simple block pricing in Phoenix, Arizona, where climate change is expected to have particularly severe impacts on both water demand (through its effects on mean temperatures) and supply (through its effects on mean precipitation).
The City of Phoenix is located at the northern edge of the Sonoran Desert, and is projected to experience increased mean temperatures and decreased precipitation as a result of climate change (Natural Resources Defense Council 2011) . This is expected to increase water demand, and to decrease freshwater supply over the next few decades. At the same time, many of the non-temperature drivers of water demand are expected to increase. In the 2000s, the population of the Phoenix Metropolitan Area grew by around 35%, and while the rate of growth slowed during the 2008 recession, it is expected to continue at similar rates in the 2010s (Census 2010). These trends are likely to affect water prices. Reduced supply is likely to induce substitution between surface water and groundwater withdrawal, thus increasing the cost of water. Continued population growth, all things being equal, will increase water demand. As a result, policy makers and water providers are both concerned with finding ways to assure the long-term sustainability of water use.
A variety of water conservation policies have already been tested in Phoenix, including the revision of pricing structures to manage demand (Campbell 2004; Balling and Gober 2006) . The design of demand management policy does, however, depend on an understanding of how water use responds to changes in water price. The price elasticity of water demand may be obtained from water demand functions that describe water consumption as a function of price, climate, demographic and housing characteristics, and time. In this study we estimate a residential water demand function for the City of Phoenix between 2000 and 2008.
The City of Phoenix operates a simple two-block pricing structure in which the only variation in price is seasonal. This makes it difficult to isolate the impact of price on water demand. Recent efforts to counter this problem have estimated the effect of price on water demand via the constant term in a regression model of the effect of non-price variable on changes in water consumption between two periods (Klaiber et al. 2012) . This is a reasonable approach where the model is complete except for price effects. If the model is not complete, however, the constant term may be expected to change with the inclusion of other variables. In our study we similarly use differences in consumption levels between two dates as a measure of demand, but we also control for weather and other factors affecting water demand, and we include direct measures of changes in water prices. We also consider a long enough time series of inter-annual differences in consumption to estimate the own-price elasticity of water demand both in the short run (over two years) and in the longer run (over eight years). To preview our results, we find that a demand function including a direct measure of price provides a better fit to the data than a model using the intercept as a price effect. Consistent with previous results, we also find that the long-run price elasticity of demand is larger than short-run elasticity, and that lower income households (typically low water users) are more responsive to changes in prices than higher income households.
The paper is structured as follows. The next section reviews recent studies of water demand. This is followed by a description of our first-difference model, and the data used to calibrate it. Section 4 presents our results, and we conclude with a summary and a discussion of the implications for policy.
Water Demand Models
Since the pioneering study by Gottlieb (1963) , residential water demand has been extensively investigated by economists in many different contexts, including France (Nauges and Thomas 2000; Nauges and Thomas 2003) , Germany (Schleich and Hillenbrand 2009) , Italy (Mazzanti and Montini 2006) , Spain (Martinez-Espineira 2002; Martinez-Espineira 2007) , and the United States (Hewitt and Hanemann 1995; Olmsted, Hanemann, and Stavins 2007; Pint 1999; Gaudin 2006) . Espey, Espey, and Shaw (1997) , Worthington and Hoffman (2008), and Dalhuisan et al. (2003) , in their surveys of residential water demand studies, explored the factors found to affect the price elasticity of demand. Espey and Shaw (1997) noted that price elasticity estimates ranged widely from -0.02 to -3.31, with an average of -0.51, and Worthington and Hoffman (2008) found that price elasticity estimates range from -0.5 to 0 in the short run, and -0.5 to -1 in the long run. Further, Dalhuisan et al. (2003) found that average price elasticity estimates are -0.41, with a standard deviation of 0.86. Among the studies these authors examined, approximately 90% of the price elasticity estimates fell between 0 and -0.75. A later review of the residential water demand literature by Arbues, Garcia-Valinas, and Martinez-Espineira (2003) considered differences in the specification of water demand models, and paid particular attention to the selection of variables, the choice of the functional form, types of data, and type of price specification. These authors found that the magnitude of price elasticity estimates varied both with the econometric techniques applied, and the type of data used ( panel versus cross-section data, or aggregated versus individual-level water consumption data).
Although the price elasticity estimates vary case by case, there are two general conclusions that may be drawn from the existing literature. First, water demand is generally price inelastic. This is because water expenditure generally constitutes a relatively small proportion of a consumer's total expenditure, and there are few substitutes for residential water. Second, the long-run elasticity is larger than the short-run elasticity. Water consumers have fewer options for switching between high and low-use residential water use options in the short run. In the longer run, consumers have more options for substituting towards less water-intensive appliances, and for altering their landscaping from lawns to drought-tolerant plants (Omlstead and Stavins 2006) . Another factor is that it takes time for consumers both to register changes in water costs, and to identify the factors in water use that determine costs (Martinez-Espineira 2007) . Both water demand model specification and the econometric techniques used to estimate demand functions have gone through several phases of development. Initially, concern was focused on whether to use marginal or average price as a price variable in estimated water demand functions, with some studies suggesting that price elasticity tended to be biased upwards when marginal price changes were used (Billing 1980) . Later, following Nordin (1976) and Taylor (1975) , researchers included both marginal price and a variable measuring the difference between the total water bill and
Estimating the Price Elasticity of Residential Water Demand
what would have been paid if all units of water were charged at the marginal price. This difference variable was intended to capture the income effects of multiple block pricing structures. However, Arbues, GarciaValinas, and Martinez-Espineira (2003) , in their broad survey of water demand literature, indicated that the choice of price variable had not significantly affected the price elasticity estimates.
Most studies have used conventional regression methods such as ordinary least squares, 2-and 3-stage least squares, and time series analysis to estimate the price elasticity of residential water demand. There are, however, aspects of water markets that complicate the choice of estimation method. About one-third of U.S. residential water users face increasing block prices (IBPs) where marginal prices of water increase with the quantity demanded. Under block pricing, consumers face a two-stage choice. First, they choose the block of consumption in a discrete choice fashion; they then choose the quantity of water consumed within the block. Most early studies omitted the first-stage choice from the estimation procedure, and modeled consumption within the block directly. Later studies employed a discrete continuous choice (DCC) model to handle block choice in the block pricing structure directly.
The DCC model was initially applied to the study of labor supply (Hausman 1985; Burtless and Hausman 1978) , and was introduced to the study of residential water demand by Hewitt and Hanemann (1995) , followed by Pint (1999) . Initially, the elasticity estimates generated by these studies fell in the range of {-1,-2}, which is far beyond the upper bound of what had been found in previous studies. Later studies, using broadly representative and highly detailed individual level water consumption data, found the price elasticity obtained from the DCC model to be closer to estimates from previous studies (Olmsted, Hanemann and Stavins 2007) . Nevertheless, there are limitations to the DCC model. Using the model to estimate the effect of price using data from a single water provider is problematic if the price schedule is stable over time, and there is insufficient variation from which to isolate the effect of a change in price. In addition, price changes under block pricing are often confounded with demand shocks, as consumers face higher prices because they consume more water.
Recently, Nataraj and Hanemann (2011) introduced an experimental approach called regression discontinuity design, to estimate the response to an increase in marginal price by exploiting the introduction of a third price block in Santa Cruz, California. These authors found the price elasticity of demand to be approximately -0.12, which falls at the low end of previous estimates. Building on their study, Klaiber et al. (2012) employed an experimental approach to estimate water demand in the Phoenix area by using the constant term in a first-differenced regression model of changes in water consumption between two periods as a proxy for the effect of price changes. This study used household-level water consumption data, and exploited the order statistics for these consumption data to estimate the price response for different levels of water use. These authors found that larger water users were less sensitive to price, and that all users were less sensitive to price in summer than in winter. While the study is an innovative attempt to isolate the price effect under a single water provider, it does potentially suffer from omitted variable bias. If the constant term in such a model varies with the addition or deletion of other variables, it is desirable to include a more direct measure of prices.
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Data and Methods
Most water providers in the Phoenix Metropolitan Area operate a multiple block pricing structure (see table 1 ). The City of Phoenix itself operates a flat, two-block structure. This means that there is no variation in marginal price of water other than the variation across different seasons (low, medium, and high water use seasons) within a year. Since higher water users also face higher marginal prices, the possible endogeneity of the water price makes it hard to isolate the effect of price on demand. To address this problem, we constructed a first differenced regression model of the kind applied by Klaiber et al. (2012) to estimate water demand responses to inter-annual changes in marginal prices.
The basic residential water demand function takes the form:
where Q ijt is aggregate water consumption in census block (or household) i in the month j of year t. The variable P jtb is the marginal price in the month j Estimating the Price Elasticity of Residential Water Demand of year t in the b th block, F(Z it ) is a function describing the effect of demographic or housing characteristics Z it , and W(R jt ) is a function describing the effect of temperature or precipitation in the month j of year t. Variable u ijt are unobserved errors not captured by the model. We estimated two differenced versions of the basic water demand function. The first differenced version specified that the change in water consumption is a function of the change in prices, weather-related characteristics, and dummy variables to capture the impact of water-intensive features of residential properties, and treated the constant g 0 as the price effect ( proxy) on water demand:
[2]
The price elasticity of demand in this case was then calculated as:
where P jtb is the marginal price at the base year, and P jtb+T and Q ijt+T are marginal price and water consumption at the year that the change was made. Since we found the constant term in equation (2) to be unstable and to vary significantly depending on which sets of explanatory variables were included, we estimated a second differenced version of the basic water demand function that included the change in prices, weather-related characteristics, and dummy variables related to water-intensive features of residential properties:
With this direct measure for the price effect, b 1 , the price elasticity of demand was calculated as follows:
The data comprised water consumption records associated with 312 census tracts served by the Phoenix Water Services Department. To avoid the problems caused by changes between consumption blocks, we selected census tracts where there were no block switches in water consumption from second (high consumption) to first (low consumption) block, or vice versa, between two years. Since more than 95% of household water consumption falls in the second block, and since this did not change in our selected time period, the restriction had little effect on the sample size. Figure 1 shows the boundary of census tracts within the City of Phoenix. Water data are provided in units of one-hundred cubic feet (CCF). In theory, estimating residential water demand using micro household-level data would be preferred (Schefter and David 1985; Saleth and Dinar 2000; Klaiber et al. 2012 ). However, this requires a great deal of private information that is not generally in the public domain (which is why micro-level Applied Economic Perspectives and Policy analyses are so sparse). It is quite common, however, to use data aggregated to census tract, water provider, or community levels (Dalhuisen et al. 2003; Gaudin 2006; Schleich and Hillenbrand 2009; Strong and Smith 2010) .
Weather-related characteristics such as monthly temperature and precipitation were purchased from the PRISM database, 1 and used to calculate monthly mean temperature and precipitation at the census-tract level, which matched the water consumption data. Census data for 2000 and 2010 were used to calculate the median household income at the census-tract level. In addition, we identified single-family residential properties with pools from the Maricopa Assessor's Office, and calculated the proportion of residential properties with pools in each census tract, then averaged them from 2000 to 2008. The average proportion of houses with pools was approximately 21.5%. We created the dummy variable (D pool ) by assigning 1 for a census tract with more than 21.5% of properties with a pool, and 0 otherwise. We expect the coefficient on D pool to be positive since pools substantially increase residential water use during the summer.
In the same way, we created a dummy variable for property value, since more highly-valued properties are expected to have more water-intensive features. The historical average property value from 2000 to 2008 on a census-tract level was approximately $164,467 in Phoenix. Our dummy variable (D value ) was assigned 1 for a census tract with average property value with greater than $164,467, and 0 otherwise.
2 Summary statistics of selected variables are reported in table 2. We note that the average residential water use per household was decreasing over this period, which reflected both the effectiveness of water conserving, as well as changes in landscaping and facilities in new properties (figure 2). Precipitation was significantly more Price variation in the dataset is derived from the fact that the City of Phoenix adjusts the water rate every year to meet the increasing cost of delivering and maintaining residential water supplies. Table 3 shows the monthly fixed fee and marginal price schedule of water across different seasons of the year; the price schedule was obtained from the City of Phoenix's Water Resource Department. The water rate in Phoenix is characterized by a two-block pricing structure Estimating the Price Elasticity of Residential Water Demand that has two components: a monthly fixed charge and a volume charge. The monthly fixed charge covers the use of 4,488 gallons (6 CCF) 3 of water use for October through May, and 7,480 gallons (10 CCF) for June through September. A water user in the first block pays only the monthly fixed charge. The volume charge consists of a user charge and an environmental charge.
Water users in the second block face a marginal price (volume charge/ CCF + environmental charge/CCF) associated with the additional amount of water use per unit. For example, during the summer (high water use season), the water user pays only the monthly fixed charge up to 10 CCF of water/month. However, consumers that use additional water beyond 10 CCF are subject to a volume charge on a CCF basis. During the fall and winter seasons (medium and low water use seasons), the threshold between the first and second blocks is 6 CCF of water use. Consumers using any extra water beyond that threshold also face a volume charge. Hence, water users in the second block pay both a monthly fixed charge and a volume charge. In this study, we focused on the sample that falls in the second block of water use.
Results and Discussion
We selected the following two-year intervals with which to estimate the short-and long-run price elasticity of residential water demand: 2000, 2002, 2004, 2006, and 2008 . We note that the demand model estimated in this study is not a structural demand model, but does have a linear form. The resulting price elasticities are approximations based on limited variation in marginal prices in our data set. Table 4 shows the estimated coefficients from the two differenced regression models estimated: the model that uses the constant as a price effect (MCP), and the model that includes a direct measure of price effect (MDP). As in most previous studies, higher temperatures and lower rainfall are expected to increase the quantity of water consumed. Table 4 shows that the coefficients on temperature and precipitation were all significant, and had the expected signs in both models (except for 2004 in the MDP model, where the coefficient on temperature was negative, but insignificant). The coefficients on our two dummy variables, D pool and D value , were both positive and significant. Over the whole period, we found the magnitude of the coefficient on D pool to be increasing, which reflects the fact that the number of properties with a swimming pool was also increasing (the Note: Asterisks ***, **, and * denote significance at the 0.1%, 1%, and 5% levels, respectively. Numbers inside parentheses represent the robust standard error.
Estimating the Price Elasticity of Residential Water Demand average number of properties with a swimming pool at the census tract level increased from 260 in 2000, to 285 in 2008). The positive impact of D value reflects the fact that more expensive houses tend to have more landscape areas, more bathrooms, and other water-using features. The constant terms in the MCP model were negative and significant, but its value turned out to be vulnerable to adding variables. The coefficient on the direct price measures in the MDP model were also negative and significant, but turned out to be insensitive to the addition of variables. 4 A partial F-test to see whether the MDP model provides an improvement over the MCP model rejected the null hypothesis of equality between two models (P-value , 0.0001) for all samples, showing that including a direct price difference improves the model significantly. Table 5 reports the price elasticities estimated from both models; there is a clear distinction between the two. Whereas the MCP models generated a decreasing price elasticity as the interval over which differences are taken lengthened, the MDP models generated an increasing elasticity. The results for one interval, 2002-2004 , were out of line with the rest. The price elasticity in 2004 for the MDP model was significantly higher than for other years, and temperature turned out to be negative, although not significant. In addition, the adjusted R 2 was lowest for 2004 among all years, indicating that other factors could have influenced residential water use beyond the predictors used in this study. Other than that, we found the price elasticity to increase as the interval lengthened.
Our estimate of the "short run" price elasticity-over the interval 2000-2002-was -0.661. Our estimate of the "long run" price elasticity-over the interval 2000-2008-was -1.155. These estimates are consistent with previous findings. Pint (1999) and Hewitt and Hanemann (1995) both estimated residential water demand in a similar environment (California and Texas). The former study estimated the price elasticity of demand to fall in the range of -0.14 to -1.24, while the latter found it to fall in the range of -1.53 to -1.629. Our estimates fall in the range of the former study, and are below the range of the latter. All three estimates are, however, higher than many others reported in the literature. One reason for this may be that many earlier studies used regression methods in which either the block pricing structure was not directly modeled, or the absence of significant variation in prices was not correctly addressed.
We also used the MDP model to estimate income effects. However, we were unable to investigate how the income elasticity of water demand evolves over time because income data at the census tract level do not exist for the years 2002, 2004, and 2006 . We matched the 2010 census-aggregated household median income with closest year data in our sample, which is 2008, and estimated the MDP model for the 2000-2008 interval only. Table 6 reports the resulting parameter estimates, and the corresponding price and income elasticities. A partial F-test again shows that including the income difference significantly improves the model. The magnitude of coefficients on the constant, the price effect, temperature, and precipitation do not change much relative to those from the MDP model without income effects. However, as might be expected, the magnitude of coefficients on the two income-related dummies both decreased (by 40% and 12%, respectively).
Using estimated parameters for income and price effects, and the mean marginal price and mean water use for 2008, we calculated approximate price and income elasticities and their corresponding 95% confidence intervals, which are presented in the third column of table 6. The 95% confidence interval was constructed using the bootstrapping method. The estimate of price elasticity is close to that from the MDP model without the income effect. Our mean estimate of the income elasticity of water demand is about 0.036, showing that a 1% increase in median household income between 2000 and 2008 increased water use by 0.036% over that interval. The fact that consumers with higher income tend to use more water is consistent with previous findings. In fact, mean daily water use in Scottsdale (median household income of $71,816) 5 , at 249 gallon/day was more than double that of Phoenix (median household income of $48,596), at 123 gallons/day in 2008 (Western Resource Advocates 2010). We note that our estimates of the income elasticity of demand for water are at the lower end of the range of income elasticities from previous studies.
Finally, we considered how the price elasticity of water demand changed at different levels of water use by estimating the price elasticity of water demand at different quantiles of water use in the sample. We used a quantile MDP regression model to obtain price estimates at the 0.1, 0.25, 0.5, 0.75, and 0.9 quantiles of water use. Table 7 presents the estimated coefficients, and the price and income elasticity estimates from the quantile regression model for the 2000-2008 interval, along with their 95% confidence intervals. The table shows that the impact of climate decreases as water use increases, indicating that higher water users in Phoenix are less responsive to a change in rainfall or temperature than low water users.
6 Furthermore, the price elasticity of demand is higher at lower levels of water use than at higher water use levels, indicating that low water users are more price-sensitive than high water users. This is consistent with findings on quantile energy demand studies, which show that electricity consumers' sensitivities to price are strongest at the lowest levels of electricity consumption (Fan and Hyndman 2011; Kaza 2013 ). Note: A 95% confidence interval for elasticity was constructed using the bootstrapping method.
An inspection of the summary statistics for income and water uses by quantile confirms that water users in the higher quantiles have a higher income than water users in the lower quantiles, which indicates that high-income households were less sensitive to water price increases than lower income households. This is as expected, because the water bill is a much smaller proportion of monthly expenditure for high-income people than for low-income households. Not surprisingly, we found the income elasticity of demand to be higher amongst high water users than amongst low water users.
Summary and Discussion
The main goal of this study was to estimate the short-and long-run price elasticity of water demand in cases where the dataset is derive from a single water provider, and where there is limited price variation. We employed a differenced regression approach that includes a direct measure of price, and found that the price elasticity exhibits an increasing pattern over time, which is consistent with previous findings. We also found water use to be increasing in income, and that low water users (lower income users) were more sensitive to increasing prices than high water users (higher income users).
Our study does have its limitations; one is that the differenced regression method is not capable of addressing the block-switching behavior associated with a change in marginal price, which leads us to focus only on users in the second block. Another limitation stems from the fact that there is no price variation within seasons. This problem might be overcome if data on the City of Phoenix were combined with data from other providers. Moreover, since our estimates are somewhat higher than the historical average of price-elasticity estimates, it would be desirable to estimate this model using the data from other single providers in Phoenix Metropolitan areas such as Chandler, Mesa, Tempe, etc.
Nevertheless, the approach demonstrates that it is possible to recover the kind of elasticity estimates required to manage adaptation to climate change from rather unpromising data. These findings have implications for demand management as a strategy for adapting to the water implications of Note: Asterisks ***, **, and * denote significance at the 0.1%, 1%, and 5% levels, respectively. Numbers inside parentheses represent the robust standard error. A 95% confidence interval for elasticity was constructed using the bootstrapping method based on 5,000 drawings.
Applied Economic Perspectives and Policy climate change. Understanding differences in the price responsiveness of different groups helps target demand management to areas where it will be most effective, and understanding the evolution of price responsiveness over time helps target the sequencing of measures. Understanding the price elasticity of demand also helps clarify the revenue implications of different measures. In Phoenix, for example, the greater price responsiveness of low-income/ low water-users indicates that water conservation by demand management may require a different pricing structure than currently exists. At current prices, demand management through a proportionate increase would be more effective amongst low-income groups than amongst high-income/high water users. The lower price responsiveness of high-income users indicates that the effectiveness of demand management for those users might require a significantly steeper price structure than currently exists. The evidence suggests that most residential water use in Phoenix is accounted for by outdoor irrigation, and is associated with relatively high water-users/high-income households (Western Resource Advocates 2010). A steeper pricing structure implies that water bills might be substantially raised for those largely highincome groups in the upper consumption block. Since short-run elasticities are lower than long-run elasticities for high income groups, this would also affect the timing of both the revenue streams associated with a given measure, and the projected change in the level of water consumption.
With good estimates of the price and income elasticity of demand it is possible to develop price structures that are able to achieve targeted changes in consumption without being punitive to any particular groups. Given that climate change is likely to impact various income groups differently, this may be important. The fact that the price elasticity of demand is higher among low-income/low water-use groups does not imply that demand management measures should be targeted only at those groups. What it does imply is that price measures should be designed to be effective at all income levels.
